Abstract The porous copolymers of glycidyl methacrylate crosslinked with trimethylolpropane trimethacrylate were prepared in the form of regular microspheres by suspension-emulsion polymerization. In order to obtain adsorbents bearing functional groups, the porous methacrylate network was modified by subsequent reaction with diethylenetriamine. The thermal behavior of the obtained material was studied using TG and DSC. It was found that the process of modification considerably changed the textural and thermal properties of the polymers. 
The parent copolymer, molar ratio of trimethylolpropane trimethacrylate to glycidyl methacrylate equal 1:1
TRIM-GMA2
The parent copolymer, molar ratio of trimethylolpropane trimethacrylate to glycidyl methacrylate equal 1:2 TRIM-GMA3
The parent copolymer, molar ratio of trimethylolpropane trimethacrylate to glycidyl methacrylate equal 1:3 TRIM-GMA4
The parent copolymer, molar ratio of trimethylolpropane trimethacrylate to glycidyl methacrylate equal 1:4 TRIM-GMA5
The parent copolymer, molar ratio of trimethylolpropane trimethacrylate to glycidyl methacrylate equal 1:5 TRIM-GMA1?A The copolymer modified with diethylenetriamine, molar ratio of trimethylolpropane trimethacrylate to glycidyl methacrylate equal 1:1 TRIM-GMA2?A 
Introduction
Porous polymers in the form of microspheres are among the most effective material for many separation processes. In comparison with the commonly used adsorbents based on silica gel, polymers are stable throughout the whole pH range, and they can be easily functionalized and have the ability to create specific sorption spaces. In their structure, they combine the most desirable characteristics of porous materials and polymers and consequently are used as various kinds of sorbents [1] [2] [3] [4] [5] [6] [7] [8] [9] . In the case of specific sorption processes, sorbents should possess functional groups on their surface. Over past years, copolymers based on glycidyl methacrylate (GMA) have attracted growing attention. The presence of epoxy groups allows a number of chemical modifications on the initial polymer to suit a variety of applications. Consequently, preparation of GMA-based copolymers and their modifications is the subject of numerous papers [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The conducted studies had indicated that an amine group is one of the most efficient functional groups for heavy metal ion removal. Functionalization of GMA copolymers with amines provides desirable sorbents with high capacity, fast kinetics and good selectivity for the heavy metal ions. Interestingly, the type of amine significantly affects the selectivity as well as porosity parameters of the functionalized copolymers. However, some properties of GMA-based copolymers, such as thermal stability and poor physical performance, need to be improved. Synthesis of GMA-based macroporous microspheres of high degree of crosslinking can considerably improve the chemical, physical and thermal properties of the functionalized copolymers. Recently, the synthesis and some properties of porous microspheres of glycidyl methacrylate (GMA) crosslinked with trimethylolpropane trimethacrylate (TRIM) modified with diethylenetriamine have been described [23] . It was found out that the modified copolymers show considerable affinity toward metal ions and can be used as effective sorbents for the removal of Cu(II), Zn(II), Cd(II) and Pb(II).
This study presents the detailed investigation of thermal properties of the parent and modified copolymers. They were evaluated by the means of TG and DSC. Additionally, the textural characterization was carried out on the basis of the low-temperature nitrogen adsorption.
Experimental Chemicals
2,3-Epoxypropyl methacrylate (GMA) and trimethylolpropane trimethacrylate (TRIM) (Sigma-Aldrich, Steinheim, Germany) were washed with 5 % aqueous sodium hydroxide in order to remove inhibitors. Bis(2-ethylhexyl) sulfosuccinate sodium salt (DAC,BP) and a,a 0 -azoisobutyronitrile (AIBN) purchased from Fluka AG (Buchs, Switzerland) were used without purification. Toluene, ndodecane, acetone and methanol (reagent grade) were from POCh (Gliwice, Poland). Diethylenetriamine was purchased from Sigma-Aldrich.
Preparation of the GMA-TRIM microspheres
Copolymerization was performed in an aqueous suspension medium. Distilled water (195 mL) and 2.2 g of bis(2-ethylhexyl)sulfosuccinate sodium salt were stirred for 2 h at 80°C in order to dissolve the surfactant. Then, the solution containing 15 g of monomers (GMA and TRIM) and 0.2 g of a,a 0 -azoisobutyronitrile dissolved in 22.5 mL of toluene was prepared and added while stirring to the aqueous medium. Molar ratios of GMA to TRIM were changed from 1:1 to 5:1. Copolymerization was performed for 20 h at 80°C. Porous beads formed in this process were collected by filtration, and an extensive cleaning procedure was applied in order to remove the diluent unreacted monomers and physically adsorbed stabilizer. The cleaning process was as follows: the microspheres were separated from the aqueous phase by filtration of the polymerization mixture using 5-lm filter paper. The microspheres were first washed with water, and the polymeric aggregates were removed by sieving. The microspheres were dispersed in water, and the dispersion was sonificated for 0.5 h in an ultrasonic bath. Next, the water phase was removed and the microspheres were resuspended in methyl alcohol. This dispersion was sonificated for 1 h. Methyl alcohol was removed, and the microspheres were transferred into toluene and were kept there by stirring about 0.5 h. Then, the toluene was removed and microspheres were stirred with methyl alcohol for about 0.5 h. Methyl alcohol was removed, and the microspheres were washed with distilled water, collected by filtration and dried at reduced pressure at 65°for 48 h.
Modification of the epoxy groups
The epoxy groups present in the copolymer were modified by the reaction with diethylenetriamine ( Fig. 1) . The procedure is as follows: in a 250-cm 3 round-bottomed twonecked flask equipped with a mechanical stirrer and a thermometer, 10 g of selected beads was placed together with DETA and 200 mL of toluene, and the whole was heated on a water bath at 80°C for 24 h. The modified beads obtained were washed with distilled water, collected by filtration, dried and extracted in a Soxhlet apparatus with boiling toluene for 5 h. The product was then dried under reduced pressure at 30°C.
Methods of analysis
Textural characterization of the copolymers was carried out using the low-temperature nitrogen adsorption-desorption method. Nitrogen adsorption-desorption isotherms were obtained at liquid nitrogen temperature using a volumetric adsorption analyzer ASAP 2405 (Micromeritics Inc., USA). The measurements of the porous structure of the
Fig. 1 Scheme of modification of poly(glycidyl methacrylate-co-trimethylolpropane trimethacrylate) with diethylenetriamine Thermal properties of TRIM-GMA copolymers with pendant amine groups 1779 copolymers were preceded by outgassing of the samples at 140°C for 2 h. The specific surface area of the investigated samples was calculated using the Brunauer-Emmet-Teller (BET) method for the adsorption data in the range of a relative pressure p/p o 0.05-0.25. The total pore volume was estimated from a single-point adsorption at a relative pressure of 0.985. The pore size was obtained from the desorption branch of the isotherm using the Barrett-Joyner-Halenda (BJH) procedure. The surface of the beads was also examined using an atomic LEO 1430 VP numerical scanning electron microscope (Germany) with a countershaft and an energy-dispersive X-ray detector.
The thermal properties of the synthesized composites were evaluated on the basis of measurements taken using the STA449, F1 Jupiter analyzer from Netzsch (Günzbung, Germany). The procedure was as follows: about 10 mg of the sample was placed in the TG pan and heated in helium or in air atmosphere at a rate of 10 K min -1 up to 1000°C with a sample mass of about 10 mg. The initial decomposition temperature (IDT), T 20 % and T 50 % of mass loss and final decomposition temperature (FDT) were determined.
The gaseous decomposition products formed under the degradation of functionalized copolymers were analyzed by means of a FTIR spectrometer TGA 585 Bruker (Germany) coupled online to a STA instrument by a Teflon transfer line. An FTIR spectrum was gathered every 10°C in the spectral range from 600 to 4000 cm -1 with a resolution of 4 cm -1 .
Results and discussion
Porous copolymers of poly(TRIM-co-GMA) used in this study were synthesized in the form of regular microspheres according procedure described in detail elsewhere [24] . In the next step, a reaction with diethylenetriamine was conducted. Epoxy groups present in the copolymer matrix were opened, and porous copolymers with pendant amine groups were generated. The newly obtained copolymers differ considerably from the parent ones in terms of porous structure parameters as well as thermal properties. The modification process leads to a noticeable decrease in the value of specific surface area (Table 1 ). This effect is especially visible in the case of TRIM-GMA1 copolymer. After reaction with diethylenetriamine, the value of surface area diminishes to 203 m 2 g -1 , whereas the value of surface area for parent copolymer is 333 m 2 g -1 . At the same time, the pendant amine groups contribute to an increase in the pore diameters from 190 to 250 Å . For the other copolymers, the changes are not so spectacular but still significant.
The process of modification of the TRIM-GMA copolymers with diethylenetriamine also changes the thermal properties of these materials. TG and DTG curves for parent and modified TRIM-GMA copolymer are presented Figs. 2 and 3 . The main parameters evaluated on the basis of these curves determined in helium atmosphere for the whole series of copolymers are presented in Table 2 . As can be seen, after the process of modification the IDT temperature is higher for the whole series of copolymers. The differences are even more visible for T 20 % and T 50 % temperatures. However, the greatest increase can be observed with reference to final decomposition temperature. For all modified copolymers, FDT considerably exceeds 700°C. While comparing the different factors that could influence the thermal behavior of the porous TRIM-GMA copolymers, it can be seen that the modification process has much greater impact on the thermal properties of the copolymers than molar ratio of the functional monomer to crosslinker.
A detailed analysis of DTG curves (Figs. 2, 3 ) can provide another piece of information. In the case of parent TRIM-GMA copolymers, two separate peaks are visible. The first maximum can be attributed to the decomposition of epoxy groups and the second to the degradation of ester bonds. After the reaction of the epoxy ring with diethylenetriamine (A), the peaks on the DTG curves are not so clearly separated. Still two peaks can be detected on the DTG curves, but they start to merge.
In the case of analysis conducted in air, the amine groups introduced on the surface of the copolymers contribute to the changes in thermal behavior of the materials under study. Their presence initiates autocatalytic exothermic oxidation of organic layers and consequently decreases the IDT (Table 3) . A the same time, the T 20 % , T 50 % and FDT temperatures are much higher in comparison with the values for their unmodified counterparts. This fact indicates that the decomposition process involves oxidation.
Volatile decomposition products Figure 4 presents an FTIR 3D spectrum of the volatile decomposition products. Moisture vaporization is clearly visible at temperatures ranging from 40 to 235°C. As the temperature is increased, the formation of additional gaseous products is observed reflecting the beginning of the decomposition processes for the copolymers. The analysis of the chemical structure of GMA and TRIM molecules suggests that the ester bonds present in matrices' networks will decompose at a first stage. Both a-hydrogen bond scission (formation and emission of aldehydes) and b-hydrogen bond scission (formation and emission of carboxylic and vinyl compounds) are possible in the case of GMAderived units [23] . In TRIM-derived units present in networks, only b-hydrogen bond scission is likely. At the emission spectrum of TRIM-GMA at the first maximum of decomposition (Fig. 5) , bands confirming the a-and b-hydrogen bonds scission are visible, leading to the formation of alkenes (bands at 814 and 936 cm -1 (d = C-H), at 1650 cm -1 (m C = C) and at 3105 cm -1 (m = C-H)), aldehydes, especially acetaldehyde (bands at 1741 cm -1 (m C = O) and at 1162 cm -1 (m C = O)), and carboxylic spices (bands at 1790 cm -1 (m C = O) and 3238 cm -1 (m O-H). What is more the FTIR spectrum contains vibrations representative of CO 2 (2354 cm -1 ) and CO (2171 and 2120 cm -1 ). Moreover, the evolution of water was confirmed by absorption bands in the region of 3800-3600 and 1600-1400 cm -1 . The next maximum of emission of gases produced during the sample decomposition was observed at 450°C. At this temperature, the crosslinked parts of the sample decompose, and in consequence, significant evolution of carbon dioxide (peaks at 2357, 2311 and 670 cm -1 ) and carbon monoxide (peaks at 2174, 2120 cm -1 ) connected with decarboxylation processes is observed.
A Gram-Schmidt plot obtained during the thermal decomposition the copolymers under study is presented in Fig. 6 . As can be seen, the maximum of the first peak on of the Gram-Schmidt plot corresponds to T 2max on the DTG curves (Fig. 7) . The FTIR spectrum that corresponds to the maximum of the Gram-Schmidt plot is presented in Fig. 5 .
DSC measurements
The differences in thermal behavior between parent and functionalized copolymers were also observed during DSC measurements (Figs. 8, 9 ). From the DSC curves, at least three thermal events occur: two exothermic and one endothermic. The exothermic reactions in the thermal treatment of highly crosslinked copolymers could be caused by pendant double bonds. It has been reported that porous copolymers of trimethylolpropane trimethacrylate 
Gram schmidt
Mass/%min -1 Fig. 7 Gram-Schmidt plot [1] and DTG curve [2] for TRIM-GMA1?A copolymer contain a considerable level of unreacted double bonds [25] .They can undergo reaction of thermal polymerization as well as double bonds oxidation. What is more, exothermic reaction of thermal crosslinking of the epoxide groups with the carbonyl group of trimethylolpropane trimethacrylate can also occur. In the case of copolymers which contain a significant level of epoxide groups, distinct exothermic peaks at 318°C for TRIM-GMA4 and 312°C for TRIM-GMA5 are clearly visible in the DSC curves. The endothermic peaks above 450°C are associated with the thermal degradation of the copolymers. After the modification with diethylenetriamine, the DSC curves for the copolymers are considerably changed. First of all, in the case of modified copolymers a distinct endothermic peak at about 100°C can be seen. It can be attributed to the process of moisture vaporization from the studied materials.
The presence of amino groups on the surface of the modified copolymers enhances the adsorption of water. The pendant amine groups can also undergo thermal crosslinking with epoxide groups still present in the structure of the copolymers. As a result, exothermic peaks at about 250°C for nearly all copolymers are observed. Only in the case of TRIM-GMA1?A copolymer which possesses the minute amount of epoxide and amine groups, this exothermic peak is not observed. The DSC curves for all the copolymers contain an exothermic peak with a maximum at about 330°C can be noticed. This can be attributed to the autocatalytic exothermic oxidation of the organic layers.
An endothermic peak is present in the curve above 450°C. This reflects the thermal degradation of the crosslinked parts of the copolymers. 
Conclusions
Porous copolymers of glycidyl methacrylate crosslinked with trimethylolpropane trimethacrylate were synthesized in the form of microspheres. In the next step, the reactive epoxy groups were modified by subsequent reaction with diethylenetriamine. This process led to significant changes in the textural and thermal properties of the functionalized copolymers.
Modification of the TRIM-GMA copolymers with diethylenetriamine results in a considerable decrease in the specific surface area, pore volume and pore diameter. Interestingly, the thermal stability of the polymer increases with the introduction the functional groups. The TG, DTG and DSC curves of parent copolymer are at variance with those of the corresponding functionalized polymers.
